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Combinatorial approaches to carbohydrates

Daniel Kahne

Carbohydrates comprise an extremely important class of
biological molecules but little is known about how they
mediate their effects. This gap in understanding is largely

due to the fact that obtaining pure carbohydrates in amounts
large enough for biochemical studies is extremely difficult. The
advent of combinatorial strategies to make carbohydrates
promises to revolutionize the field of carbohydrate chemistry
and biochemistry.
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Introduction

Carbohydrates are found widely in nature and perform a
variety of important funcuons [1]. For example, oligosac-
charides on the surfaces of cukaryotic cells mediate many
fundamental cellular processes, including embryogene-
sis, tissue differentiation, inflammation, and metastasis.
Cell surface carbohydrates also function as receptors
for bacteria, viruses, and toxins [2]. Prokaryotic cells
produce a variety of O-linked glycoconjugates with potent
antitumor or antibiotic activity [3]. Some examples of
natural carbohydrates are shown in Figure 1. A detailed
understanding of the interactions between carbohvydrates
and their various ligands could lead to the ability to

influence important cellular recognition events, and to
block or treat infection by microorganisms.

It 1s remarkable that carbohydrates have received so
little attention given their importance. The single biggest
reason for this apparent neglect is that carbohydrates are
very difficult to synthesize efficiently. Biochemical studies
on carbohydrate recognition require access to both the
natural carbohydrate and a set of related analogues that
can be used to probe the role of particular structural
features in binding. Unfortunately, conventional strategies
for carbohydrate synthesis are so time consuming that
progress in studies on carbohydrate recognition has been
painfully slow.

A combinarorial approach to the study of carbohydrates
could dramatically accelerate progress in the field of
carbohydrate recognition by making it possible to synthe-
size and screen hundreds to thousands of carbohydrates
at a ume. Although combinatorial chemistry has been
used for several years to make peptide and nucleic acid
libraries, researchers are only now beginning to apply
combinatorial approaches to carbohydrates. Carbohydrates
were first used as building blocks in glvcopeptide and
C-glycoside libraries; however, because glycosidic linkages
were constructed individually prior to incorporation into
the library [4-8], these libraries did not combinatorially ex-
plore the roles of the carbohydrates [9,10]. Combinatorial
carbohydrate libraries have presented special difficulties
because there are no general methods for the stereospecific
chemical construction of glycosidic linkages. Moreover,
because carbohydrates contain multiple hydroxvls, it is

Figure 1
@) (b)

RNk,

)

HaC CHy MO o
p14 p13 a glycosidic linkage —w= ©
OH __OH oH
S e

HO
oH NHAc
M
e O o
OH al3
oH

Examples of carbohydrates. (@) Structure of Le*, a natural cell surface oligosaccharide involved in both normal and pathogenic cell recognition
processes. The shape of the molecule is largely determined by the glycosidic linkage conformation — anomeric stereochemistry and point of
attachment. Modified from [32]. (b) Structure of vancomycin, a glycopeptide antibiotic. The attached oligosaccharide, which contains both o and

B linkages, is critical for biological activity. Modified from [33].




necessary to have different protecting group schemes
in order to make different types of glycosidic linkages.
Only three approaches to the combinatorial synthesis of
glycosidic linkages have been published to date, each pre-
senting different solutions to the problems involved in the
construction of carbohydrate libraries [11°%,12-14,15°].
Approaches to the synthesis of carbohydrates and the
future of combinatorial carbohydrate libraries are the
subject of this review.

Solution combinatorial synthesis

Two of the approaches to the combinatorial construction
of O-glycosidic linkages involve synthesis in solution. The
first approach, developed by Hindsgaul and co-workers
[11-13], involves coupling a protected glycosyl donor
with a sugar acceptor containing several (3-5) free
hydroxyls to produce a mixture of six to eight products
(Fig. 2). Reactions were terminated at 30% completion
to avoid dis-glycosylation of the acceprors. Remarkably,
an approximately equal distribution of regioadducts was
obtained in all the cases examined even though both
primary and secondary hydroxyls were present in the
glycosyl acceptors. The stereochemical outcome was
dependent on the specific case, with 1:1 anomeric
mixtures being obtained for some donors and o-linked
products being obtained for others. After glycosylation
the protecting groups were removed, and the coupled
products were separated from starting materials using C18
chromatography.

Boons and co-workers [14] recently reported a somewhat
more conventional approach to the combinatorial synthesis
of glycosidic linkages in solution. To ensure the formation
of regiospecific glycosidic linkages, they synthesized
10 protected disaccharide acceptors containing one free
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hydroxyl each (Fig. 3). Construction of the building blocks
for the library was highly convergent. The protected
acceptors were combined and then reacted with a glycosyl
donor under conditions that produced a 1:1 mixture
of anomers. The resulting mixture contained an equal
distribution of all twenty possible trisaccharides. The
trisaccharide products were separated from the unreacted
glycosyl donor by size exclusion chromatography.

Solid-phase combinatorial synthesis

We recently reported a solid-phase approach to the
combinatorial construction of glycosidic linkages [15°].
We constructed a carbohydrate library by coupling 12
different glycosyl donors to six different polymer-bound
acceptors using a splic and mix strategy (Fig. 4). The
B linkages were constructed by using neighboring group
participation; o linkages were constructed by carrying
out the glycosylation reactions at low temperature in
the absence of a partcipating group at C2. Thus,
in a single combinatorial step, we made 72 different
stereospecific glycosidic linkages. Additional diversity was
introduced into the library by N-acylating the 72 products
with an array of commercially available reagents to
produce approximately 1300 different disaccharnides and
trisaccharides. To facilitate structure identification, the
library was encoded at each combinatorial step using the
method of Stll and Wigler [16,17]. Readers interested in
encoding strategies should refer to Czarnik’s review on
page 60 of this issue.

Screening and structure identification

A combinatorial strategy for making glycosidic linkages is
only the first step in the construction of a carbohydrate
library. Since the point of making a library is to be able
to identify rapidly a structure or set of structures with
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Hindsgaul's strategy for the rapid solution synthesis of carbohydrate libraries. A glycosyl acceptor containing three free hydroxyl groups was
coupled with a protected glycosyl donor. Reactions were terminated at 30% completion to ensure that only one sugar monomer was added to
each glycosyl acceptor. A fairly equal distribution of all the possible disaccharides was obtained in all of the cases examined. The stereochemical
outcome was dependent on the specific case —shown is a 1:1 anomeric mixture of both a-linked and B-linked disaccharides (an equal
distribution of six disaccharide products). After library synthesis, the disaccharides were deprotected, and separated from the starting materials
using column chromatography. Hindsgaul's group went one step further, and screened this library for a substrate for a fucosyl transferase.

Shaded circles represent different sugar monomers.
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The Boon approach to the solution synthesis of carbohydrate libraries. (a) Both glycosyl acceptors and donors were synthesized from a common
building block. (b) Library synthesis. Ten distinct protected disaccharides were mixed together and deacylated. These disaccharides contained
one free hydroxyl. A glycosyl donor (a different sugar monomer) was added to the mixture and allowed to react. An equal distribution of o and f3
linkages was obtained, producing a library of 20 trisaccharides. Shaded circles represent different sugar monomers.
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Kahne and coworkers' [15**] approach to the solid-phase synthesis of a combinatorial carbohydrate library. Using a split and mix strategy, 1269
disaccharides and trisaccharides were produced in three combinatorial steps. Each bead contained a single carbohydrate product and was
encoded using the chemistry of Still and Wigler [16,17]. The beads were assayed in parallel for binding to a lectin using a colorimetric assay.
The identities of the ‘hit’ carbohydrate ligands were determined by decoding the beads.

Shaded circles represent different sugar monomers. The circled T represents a bead, squares represent different acyl groups, and the flags
represent different (encoded) tags.




desirable activities, the utility of any synthetic approach
for making a library cannot be fully evaluated without
knowing how screening and structure identification will be
carried out.

The reports on the solution approaches to the construction
of glycosidic linkages have not addressed how screening
will be carried out to identify novel structures. However,
Hindsgaul and co-workers [12] showed that one of their
reaction mixtures contained, as it was designed to, a
substrate for a fucosvl transferase (Fig. 2). To identfy
the substrate, it was necessary to resynthesize all of the
components of the mixture individually. Clearly, there is
no advantage in synthesizing a mixture of compounds
simultaneously if it is necessary to resynthesize a substan-
tial fraction of the compounds in order to identfy the
active components; however, this work did demonstrate
that it is possible to identify substrates in solution mixtures
using enzymatic assavs even when the substrate is a minor
component of the mixture. It may be significantly more
difficult to screen solution mixtures for binding activity,
particularly if the mixtures contain an unequal distribution
of products.

Our solid-phase library (mentioned above) was screened
on-bead against biotin-labeled Bawhinia purpurea lectin,
which is a model system for any carbohydrate-binding
protein that recognizes surface-bound carbohydrates using
polyvalent interactions. Binding of the lectin to individual
beads was detected using a streptavidin-linked colorimet-
ric enzyme assay [15°°]. Remarkably, only a tiny fraction
of the beads (0.3%) changed color in the assay. These
beads were decoded, and two closely related carbohydrate
ligands were identified as the best polyvalent binders for
the lectin. This result validated the chemistry involved in
making the library, since a failure in any of the synthetic
steps would have produced many more beads containing
similar structures. The fact that the lectin recognized two
closely related carbohydrate ligands in a library containing
1300 carbohydrate ligands demonstrated, for the first
time, that carbohydrate-binding proteins can discriminate
exquisitely well between hundreds of different carbohy-
drates.

It 1s worth noting that the higands identified in screening
the solid-phase library contained a number of strucrural
features which are unfavorable for binding when evaluated
individually. These structural features apparently combine
synergistically to produce a ligand that binds far better
than expected. One implication of this finding is that
deconvolution strategies may not have worked well for
identifying the acuvity. Fixing one varniable position at a
time would not have worked because the avidity i1s not
an additive function of the vanables. Therefore, it would
have been necessary to resvnthesize a substantial fraction
of the libaray to identify the actvity. Carbohvdrates
are so difficult to svnthesize that methods for structure
identification which involve extensive resynthesis are not
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appealing. Some direct methods of structure i1dentification
are also likely to be problematic because a large number
of the individual components are positional isomers (dia-
stereomers) and have the same mass. Therefore, encoding
strategies may have particular utility for carbohydrate
libraries. An alternative would be to synthesize the
carbohvydrate libraries in a parallel array format, where the
identity of each compound is encoded by its location in
the array.

Conclusions....

The construction of combinatorial carbohydrate libraries is
still in its infancy. From a purely synthetic standpoint, the
Hindsgaul approach to solution combinatorial sunthesis
is particularly appealing becase unprotected glycosyl
acceptors are used so the synthesis i1s fast. Approaches
that use protected carbohydrate building blocks are
time consuming because several steps are required to
synthesize each building block. Library synthesis on
the solid phase absolutely requires the use of protected
monomers. Readers interested in synthesis on soluble
polymers may refer to the review by Gravert and
Janda on pp 107. Nevertheless, there are some im-
portant advantages to solid-phase carbohvdrate synthesis
[18-26,27*%,28-30,31**] which makes it easier to utilize
than a solution approach. One advantage is that reactions
can be driven to completion by adding excess reagent;
byproducts and excess starting materials can simply be
washed away. Thus with solid-phase methods it is possible
to produce single compounds on each bead with no need
for purification. Screening and structure identification are
greatly simplified when libraries are designed in such a
way that the products are spatially resolved.

A special advantage of solid-phase carbohydrate libraries
1s that the components of the library can be screened
either in solution after removal from the support or
while sull attached to the support. Because polymer-
bound carbohydrates mimic the polyvalent presentation
of cell surface carbohydrates, it is possible to screen the
polymer-supported carbohydrate ligands for binding to
proteins that utilize polyvalency in recognizing cell surface
carbohydrates. Because these proteins bind weakly and
non-selectively to monovalent carbohvdrates in solution, it
may be difficult, if not impossible, to identify good hgands
for these proteins by screening solution carbohydrate
libraries. Solid-phase presentation of carbohydrates could
thus overcome this screening problem.

... and future directions

Two important issues relating to carbohydrate libraries
have not been explicitly addressed in this review. One
concerns the size of the carbohydrate structures that
need to be made in order to identify interesting activity.
This issue arises because many of the carbohvdrate
molecules found in nature are large, containing more
than a dozen monosacchanide units. The svynthesis of
verv large carbohvdrate molecules 1s still an immense



134 Combinatorial chemistry

undertaking. Fortunately, the recognition domains of most
carbohydrate molecules range from one to about four
sugars. Therefore, it should not be necessary to make
libraries containing structures larger than tetrasaccharides.
In fact, we have already demonstrated that even simple
disaccharide libraries can contain ligands that bind with
exquisite specificity to protein receptors [15%].

The second issue concerns the diversity of the car-
bohydrate libraries that can currently be made. The
outcome (vield and stereoselectivity) of a glvcosylation
reaction 1s heavily dependent on the structures of both
the glycosyl donor and acceptor. Clearly, it is impossible
to make a library without a set of reliable bond-forming
reactions which give predictable outcomes. Fortunately,
there are now some glycosylation methods that give
predictable outcomes for a wide range of donor—acceptor
pairs. Therefore, although there are still some important
unsolved problems in constructing glycosidic linkages, it is
now possible to make diverse combinatorial carbohydrate
libraries to study a wide range of recognition processes. In
my opinion, the question now is no longer whether diverse
carbohydrate hbraries can be made, but how they should
be used.
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